Most selectivity experiments employ either the covered codend or paired gear methods. It is not always possible, however, to use these methods. Owing to operational, biological and/or environmental considerations, there may be no obvious way or it may be inappropriate to pair the test and control data. Hence, it will not be possible to estimate the selectivity of the gear and its uncertainty using standard statistical methods. This study presents a methodology for analysing the selectivity of fishing gears from unpaired test and control data. The uncertainty in the control and test population structures is accounted for by using a double bootstrapping procedure that takes into account both between-haul and within-haul variation. This bootstrapping approach is used to assess the selectivity of two different devices, a 139.5 mm T90 codend and a 135.9 mm codend with 140.9 mm lateral exit windows, in the Barents Sea pelagic cod trawl fishery. The purpose of the experiment was to test and compare the performance of the two devices in pelagic trawl fisheries, where high densities of fish can be encountered. Significant differences were detected between the T90 codend and the codend with the exit windows but only for sizes of cod between 55 and 76 cm.
INTRODUCTION
Trawls are one of the most widely used fishing gears around the world. They have been adapted to many fisheries, and are capable of being towed on many types of seabed and in the most difficult of weather conditions. As a result, they and more specifically their selectivity are among the most commonly investigated fields within fisheries technology. A variety of experimental methodologies have been developed for carrying out selectivity experiments, the main ones being the covered codend and paired gear methods (Wileman et al. 1996) . In the covered codend method, fish escaping from the gear are retained in one or more small mesh covers and hence an accurate estimate of the fish that entered the gear can be made. The twin trawl, trouser trawl, parallel haul and alternate haul methods are classified by Wileman et al. (1996) as paired gear methods. In these methods an estimate of the population fished is obtained from a small mesh control gear that is either towed simultaneously on one side of the twin/trouser trawl or from a different vessel (parallel), or towed consecutively from the same vessel which alternates test and control gears. A range of statistical methods have been developed to analyse the data collected during these experiments and to estimate the selective properties of the gears tested (Millar and Fryer 1999) . Carrying out these studies at sea is challenging because of operational, environmental and biological factors which are difficult, if not impossible, to control. Consequently, repeat tows generally have large amounts of between-haul variation, which must be accounted for to avoid making incorrect inferences about the selection of the gear (Fryer 1991) .
For scientific or operational reasons, it may not always be possible to use the covered codend or any of the above paired gear methods to estimate selectivity. There are, for instance, fisheries where the presence of small mesh covers may influence the fishing performance of the gear (by modifying hydrodynamic conditions or by altering fish behaviour); it may be difficult to deal with two codends on deck simultaneously (twin/ trouser trawl); financial or economic considerations may preclude the use of two vessels (parallel haul); and difficulties and/or time constraints associated with repeated converting of a trawl from test to control may preclude the use of alternate hauls.
Under these circumstances, the most practicable and pragmatic way forward may be to first carry out a number of test hauls and then to carry out a number of control hauls. However, this leads to problems in analysing the subsequent data, as there is no obvious way of pairing the individual test and control hauls. Accordingly, alternative statistical methods must be explored. Here, to address this problem, we combine the test and the control hauls to produce two pooled data sets, from which we estimate the selectivity of the test gear. We then estimate the variance of the corresponding selection parameters by applying a double bootstrapping approach to account for both within-haul and between-haul variation.
We illustrate this approach by applying it to data from selectivity trials in the Barents Sea cod (Gadus morhua) fishery using pelagic trawls with T90 codends or exit windows (EWs). Pelagic trawling is one of the most efficient fishing methods to catch cod at certain times of the year because the species concentrates itself in dense schools in the water column. Although the fishery was banned in the late 1970s, owing to the high percentage of juveniles caught, in recent years a number of vessels have received special permits to exploit it again. At present, these vessels have to use three different types of grids combined with a 130 mm codend (Herrmann et al. 2013a ). There are, however, concerns that, at high entry densities, fish accumulate in front of and behind these grids, blocking the passage to the codend, and hence a desire to test the selectivity of T90 codends and EWs which have proved effective in demersal cod trawls (Grimaldo et al. 2007) .
The dimensions of the gears, their catch sizes (which are often >30 t) and space limitations on deck precluded the use of the covered codend or twin/trouser trawl methods, and the fact that the trials were carried out under commercial conditions prevented the use of the alternate haul method. From an operational point of view, the practicable way forward was to carry out a number of consecutive tows with the test codend followed by a number of consecutive tows with the small mesh control codend. As set out above, this leads to a situation in which there is no obvious way of pairing the individual test and control hauls. Thus, it precludes the use of the traditional paired gear statistical methodologies and necessitates the development of alternative approaches of the type we introduce here.
MATERIALS AND METHODS

Sea trials
Trials were carried out onboard the commercial vessel M/Tr Ramoen (66.7 m LOA, 5170 HP) from the 19 to 30 October 2011 in the Hopendjupet basin (between 77°05′-77°15′N and 28°17′-30°45′W).
Two different selection devices were tested during this cruise: a diamond mesh codend with EWs; and a T90 codend. To calculate the mesh size of both codends and the EWs, two rows of 20 measurements were made from each using an omega gauge that applied a stretching force of 125 Newtons (Council Regulation (EC) No 517/2008).
The codend with the EWs was made from 135.9 mm (measured), 8-mm single "Euroline premium" (Polar gold) PE diamond mesh netting. It was of a four-panel design, 120 meshes long and had 72 meshes in circumference. The side panels of the codend were fitted with an EW panel each (Fig. 1A) . The EWs were 100 meshes long and 8 meshes high and constructed from 8-mm PA single twine. The meshes in the windows had an average mesh size of 140.85 mm and were installed as diamond meshes that held a constant opening angle of 90°. The meshes are therefore considered to be square-shaped during fishing. The T90 codend also followed a four-panel design and had three different sections. The foremost section was made from 8 mm single "Euroline premium" (Polar gold) PE diamond mesh netting and the meshes in the T0 direction. It was 40 meshes long and had 80 meshes in circumference. The middle section of the codend was constructed with the same netting material as the foremost section but was turned 90 degrees and was 80 meshes long and had 40 meshes in circumference. The third section, at the codline, was identical to the foremost except that it was 3 meshes long. The average mesh size for this codend was measured to be 139.5 mm.
Roundstraps are known to affect selectivity of codends (Herrmann et al. 2006) . Because the codends were used in commercial activity, both codends had 24 mm diameter Danline round straps of ca. 5.5 m every 1.20 m.
The trawl used during the experiments was an Egersund 720 HexMesh single belly pelagic trawl. It was rigged with a pair of "Scorpion injector" bottom trawl doors (9.5 m 2 and 4400 kg each), 2 m of 22 mm chains between the doors and each of the sweeps (top and bottom), 80 m sweeps, 1200-kg chains as front weight at the end of each bottom sweep, 10 m of 22-mm chains joining the end of the sweep and the lower wing of the trawl, and a 10-m wire between the top sweep and the top wing. The control hauls used 55-mm inner-net blinders in the codends to estimate the population fished.
The target species for this fishery is cod above a minimum legal size of 44 cm (Norwegian Fisheries Directorate (J-7-2016) 2016). The trawling operation was carried out as similar as possible to ordinary commercial operations. Therefore, to carry out the trials it was necessary to first collect a number of hauls with the control gear followed by a number of hauls with the test gear. For each haul, random subsamples of the catch were taken and the cod in the sample was measured to the nearest centimetre below. The rest of the cod in each haul was counted.
Data analyses
As set out above, owing to the experimental procedure followed, there is no obvious way of pairing the data from the individual test and control hauls. Hence, for each gear, to estimate the mean selectivity parameters, the raised length frequency data of the corresponding test hauls were combined and compared with the combined data from the control hauls by minimizing: 
where ṽ av represents the parameters describing the size selection curve defined by r(l,ṽ av ); nt li and qt li , and nc li and qc li are the number of fish measured in each length class and the fraction of fish measured for each length class for the test and the control hauls, respectively; a and b are the number of test and control hauls; and sp av is the average split, which quantifies the average relative fishing power between the test gear and the control gear based on the raised and pooled catch data over hauls (Wileman et al. 1996) . The outer summation in (1) is over length classes l. Equation (1) is identical to the SELECT model (Millar 1992 ) for raised data pooled over hauls, except for the summations, which are over the hauls conducted respectively with the test and control gears. Thus, in line with Millar et al. (2004) , we base the estimation of the average size selection over hauls on the raised catch data. Four different parametric size selection curves were considered for each test gear: the Logit, the Probit, the Gompertz and the Richards curve. The first three models are fully described by the selection parameters L50 (length of fish with 50% probability of being retained after entering) and SR (difference in length between fish with respectively 75% and 25% probability of being retained after entering). The Richard model also requires one additional parameter, (1/δ), which is used to model potential asymmetry in the size selection curve. The formulae for the four selection models, together with additional information, can be found in Wileman et al. (1996) . To test the goodness of fit of the data to these curves, the residuals were plotted and the model deviance, D, was calculated as follows: 
Akaike's Information Criterion (AIC) was used to distinguish between acceptable models and that with the lowest value was chosen (Akaike 1974) . If there was overdispersion (deviance/DOF>1.0), the quasi-AIC (QAIC) was used instead of AIC (Richard 2008) . Among the four models considered, that with the lowest estimate for overdispersion was selected and this value was used to calculate the QAIC for the individual models.
The variances and the confidence limits for the parameters of the chosen model were estimated by a double bootstrapping methodology. The procedure followed accounts for between-haul variation by selecting a hauls with replacement from the test hauls and b hauls with replacement from the control hauls during each bootstrap loop. Within-haul variability is accounted for by randomly selecting fish with replacement from each of the selected hauls, where the number selected from each haul is the same as the number that were sampled in that haul. These data are then raised and combined as above and the selectivity parameters are again estimated. By conducting the raising of the data after the re-sampling, the additional uncertainty in estimation caused by subsampling is automatically accounted for (Eigaard et al. 2012) . We perform 10000 bootstrap repetitions and hence calculate the Efron 95% confidence limits for the selection parameters. This bootstrapping approach differs from that of Millar (1993) insofar as he was dealing with covered gear data and, for a given haul, accounted for within-haul variation by randomly selecting with replacement the number caught at each size class according to the proportion retained in the gear during that haul.
RESULTS
A total of 9 test hauls and 13 control hauls were carried out with the two tested devices. Catch rates were high, with rates >3000 kg h -1 in 21 out of the 22 hauls, up to a maximum of 125009 kg h -1 . As a result, all the hauls needed to be subsampled and sampling factors ranged from 0.066 to 0.378. An overview of haul information is given in Table 1 .
Of the 9 test hauls, 5 were carried out with the EW codend and 4 with the T90 codend. Table 1 presents the hauls in chronological order and highlights that there is no obvious way of pairing the test and control hauls. Hence, the relevant data were pooled and the mean selectivity parameters for each of the four selectivity curves were calculated for both test gears. The analysis was carried out using the analysis tool SELNET , which implements the method described in the data analysis section. All models considered resulted in deviance >DOF but, since the corresponding residuals showed no defined patterns, it was considered caused by overdispersion in the data (Wileman et al. 1996) . Model selection was therefore based on the QAIC. The Probit and the Richard models respectively had the lowest QAIC values for the EW codend and the T90 codend data ( Table 2) . Table 3 and Figure 2A -C document the fit for the selected models. The mean L50 and SR values were 59.54 and 15.07 cm for the EW codend and 51.55 and 6.56 cm for the T90 codend (Table 3 ). There were no significant differences (at the 95% level) between the mean L50 values of the two test gears, but there was a significant difference between their mean SR values. Furthermore, as shown in Figure 2C , the EW codend was significantly more selective for fish in the length range ~55-76 cm.
DISCUSSION
In this study, we present a methodology for analysing unpaired test and control selectivity data. We have developed a double bootstrapping approach to calculate the mean selectivity parameters and their 95% confidence ranges. This approach permits us to analyse selectivity data from fisheries, where for scientific or operational reasons it may be difficult to use the covered codend or any of the paired gear methods described in the introduction. There may also be circumstances in which, although a paired method may have been used, there is uncertainty regarding the validity of the assumption that similar populations enter the gear at the paired haul level. As long as it can be assumed that, on average, over the course of an experimental trip, similar populations enter the test and control gears, the approach described here may be preferable and provide more realistic estimates of the confidence intervals of the selectivity parameters. This is particularly the case for alternate haul methods applied to fisheries such as Danish/Scottish seining, in which there is likely to be both temporal and spatial differences between hauls/shots. We demonstrate this approach by applying it to data from selectivity trials in the Barents Sea pelagic trawl cod fishery. We show that the mean L50 and SR values are 59.5 and 15.1 cm for the EW codend and 51.6 and 6.6 cm for the T90 codend (Table 3) . We can compare these results with those of some previous studies for similar gears on demersal trawls. Grimaldo et al. (2007) tested EWs with mesh sizes of 128, 132 and 153 mm, and obtained L50 values of 53.6, 56.4 and 57.3 cm, respectively, while, Grimaldo et al. (2008) found that another 128 mm EW had a mean L50 of 53.9 cm. In terms of their selection factor (L50/mesh size), these results are respectively 0.42, 0.43, 0.37 and 0.42, which compare extremely well with the 0.42 of our trials. The corresponding SRs were respectively 9.3, 8.0, 6.8 and Fig. 2) . Therefore, as long as these confidence bands are considered when making conclusions, the limited number of hauls in the study should not be a major concern. Herrmann et al. (2013b) tested the performance of a 124.4 mm mesh size T90 codend built with 8-mm PE twine in the Baltic and obtained a mean L50 value of 38.90 cm, while Wienbeck et al. (2013) found that a 126-mm T90 codend had a mean L50 of 43.4 cm. These sets of results give a selection factor of 0.31 and 0.34 respectively, which again correspond well with the 0.37 of the trials reported here. The SRs estimated in these two studies were respectively 5.01 and 6.7 cm, which correspond well with that obtained in our study (Table 3) .
One of the objectives of this study was to investigate whether the grid systems being used in the Barents Sea cod fishery can be replaced by alternative selective gears. The minimum target size for cod in the Barents Sea is 44 cm and no more than 15% of the catch (by number) can be made up of undersized fish. Thus, an optimal selection device for this fishery should provide a sharp selection profile just above 44 cm so that the majority of fish above 44 cm would be retained and the majority below would be released from the gear. Sistiaga et al. (2010) have shown that a 55-mm Sort-V grid combined with diamond mesh codends had L50 values in the range 51.6-55.9 cm, which are not significantly different from the results we have here for either the EW or T90 gears (at the 95% level). There is, however, a significant difference between the mean SR values of these two gears and, as shown in Figure 2C , the T90 codend is closer to the 44 cm minimum landing size and retains significantly more fish in the length range 55-76 cm. Based on these results, this study suggests that from the fishers point of view the T90 codend is perhaps a more acceptable alternative device than that with the EW. We must be cautious, however, in drawing this conclusion, because the results are based on very few hauls and, as described above, the average catch rate observed for the test hauls carried out with the codend with the EWs was 13500 kg h -1 , whereas the average catch rate observed when testing the T90 codend was 6600 kg h -1 (Table 1 ). These differences in the entry rate are substantial and may have contributed to the significant differences in SR estimated between the systems. In addition, the SR estimates for the EW codend are high when compared with other studies.
The analysis approach in this study provides an assessment of the average size selectivity of a group of hauls carried out with a specific test gear. This is what Millar et al. (2004) named a fishery selectivity curve. The approach of estimating a fishery selectivity curve based on a group of hauls has been applied in several recent trawl selectivity studies (Brčić et al. 2015 , Özbilgin et al. 2015 , Lövgren et al. 2016 ). However, all these studies were based on covered or paired data collection, and the bootstrapping method applied to account for the uncertainty in the results is different from the one described in this study. Furthermore, the analysis carried out in all these other studies would not allow the uncertainty due to the unpaired nature of the data collection to be incorporated in the results. As long as we consider correctly the confidence limits obtained using the unpaired analysis method, the results and the fishery selectivity curves estimated with the method presented here would not be significantly biased compared with the results that would have been obtained with a paired data collection method. This is so because both approaches estimate the selectivity curves and parameters based on pooling data over hauls. The main difference is that only the unpaired analysis method is able to account correctly for the increased uncertainty in the results caused by the unpaired nature of the data collection process. Since the analysis is made at haul group level and not at individual haul level, the analysis method described does not account for the potential effect of uncontrolled variables (e.g. codend catch size) between hauls. However, this is not a problem for the assessment of size selectivity as long as these uncontrolled parameters vary between hauls in the same way as they vary in the commercial fishery.
The unpaired analysis approach described is here applied to estimate the size selectivity in the aft part of a pelagic trawl. However, this approach can also be applied to quantify other aspects of the catch performance of a fishing gear while accounting correctly for the uncertainties resulting from using an unpaired data collection method. Specifically, Sistiaga et al. (2015 and used the unpaired analysis approach to investigate the effect of lifting the sweeps of a trawl from the seabed on the catch performance of respectively cod and haddock. Further, Notti et al. (2016) applied the unpaired analysis approach to investigate the relative catch performance of a surrounding net without the purse line in the Mediterranean Sea. However, the current study is the first in which the unpaired analysis approach has been developed and adopted to study size selectivity in the aft of a trawl gear.
